A novel one-shot anastomotic stapler prototype for coronary bypass grafting on the beating heart: Feasibility in the pig  by Heijmen, Robin H. et al.
To date, the coronary anastomosis is sutured under
direct vision through a median sternotomy or minitho-
racotomy, while the coronary artery is temporarily
occluded. Performing a coronary anastomosis on a
beating heart, however, particularly via limited access,
is technically demanding. Video-assisted, closed-chest
CABG may further complicate the procedure and pro-
long the occlusive anastomosis time10 and the ischemic
period. The potential risk of regional myocardial
ischemic injury as the result of prolonged coronary
occlusion may be circumvented by accelerated tissue-
bonding techniques. In 1992, Kirsch and colleagues12
introduced a new method for microvascular reconstruc-
tion based on the principle of flanged, intimal approxi-
mation by interrupted application of arcuate-legged,
nonpenetrating clips. To date, successful clipped anas-
tomoses have been performed clinically in both the
peripheral13,14 and coronary circulation.15 Symmetrical
eversion of the vessel edges and proper application of
R ecent progress in coronary artery bypass grafting(CABG) without cardiopulmonary bypass1-4 and
initiatives toward reduced surgical access,5-8 or even a
totally thoracoscopic approach,9-10 warrant an inten-
sified search for facilitated end-to-side anastomosis
techniques.11
Objective: The nonpenetrating, arcuate-legged clip has proved its ability
to provide a high-quality microvascular anastomosis. This study
assessed the feasibility of constructing a coronary end-to-side anasto-
mosis on the beating heart with a novel mechanical, sutureless anasto-
motic device that applies 12 circumferential clips simultaneously.
Methods: In 14 consecutive pigs (70–90 kg), the left internal thoracic
artery (diameter, 3 mm) was grafted to the left anterior descending
coronary artery (diameter, 3 mm) by means of a one-shot anastomotic
stapler prototype. Endothelial denudation, medial necrosis, and intimal
hyperplasia were analyzed quantitatively and compared with those seen
in conventionally sutured anastomoses (n = 4). Results: In 8 of 14 anasto-
moses, the one-shot anastomotic stapler successfully applied all 12 clips
circumferentially across the everted arteriotomy edges. In the remain-
ing, either 1 (n = 4) or 3 and 4 adjoining malaligned clips had to be
replaced manually with a single-clip applicator. Coronary occlusion was
limited to approximately 3 minutes. At follow-up, all anastomoses were
patent angiographically. At 2 days, in 2 of 7 cases, a local coronary dis-
section was observed, and there was a considerable loss of endothelial
cells and medial damage. At 28 days, however, minimal intimal hyper-
plasia was seen at the anastomotic lining, although more pronounced
when compared with conventionally sutured anastomoses. Conclusions:
The one-shot anastomotic stapler prototype enabled short-occlusive (3
minutes), sutureless end-to-side grafting on the beating porcine heart. In
spite of early endothelial and medial damage and 2 local dissections, all
anastomoses remained patent with minimal intimal hyperplasia at 4
weeks. (J Thorac Cardiovasc Surg 1999;117:117-25)
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the clips requires training, however. To facilitate ever-
sion and to apply the clips circumferentially by a single
maneuver, enabling rapid end-to-side anastomosis, a
one-shot anastomotic stapler (One-Shot; US Surgical
Corporation* [USSC], Norwalk, Conn) was developed.
The aim of this study was to assess the feasibility of
applying the early prototype of the one-shot anasto-
motic stapler during left internal thoracic artery (ITA)
bypass grafting to the left anterior descending coro-
nary artery (LAD) on the beating heart in the pig and
to investigate quantitatively coronary artery wall
injury and healing in comparison with conventional
suturing.
Materials and methods
Animals. Fourteen consecutive Dutch landrace pigs
(weight, 70–90 kg) were used. One day before the operation,
all pigs received acetylsalicylic acid (500 mg, orally). This
was continued (160 mg/day) until they were killed. The ani-
mals received humane care in compliance with the “Guide for
the Care and Use of Laboratory Animals” prepared by the
Institute of Laboratory Animal Resources and published by
the National Institutes of Health (NIH Publication No 86-23,
revised 1985). All procedures performed in this study were
approved by the Animal Experimentation Committee of the
Utrecht University. Four pigs from a different series of com-
parable experiments served as controls.16
Study protocol. The animals were anesthetized and moni-
tored hemodynamically as described before.16 After median
sternotomy, the left ITA was harvested in a skeletonized fash-
ion. After heparinization (150 IU/kg), the ITA was transected
and flushed with papaverine-saline solution (0.5%) to prevent
spasm. After the pericardium was opened, the proximal one
third of the LAD, near the first diagonal branch, was immobi-
lized by 2 Octopus tentacles (Octopus Tissue Stabilizer;
Medtronic, Inc, Minneapolis, Minn).8,17 For adequate exposure
of the target area, the heart was slightly dislocated medially
and hoisted ventrally, and two 4-0 polypropylene sutures were
passed through the epicardium on either side of the LAD.
All 14 one-shot ITA-LAD anastomoses and the 4 conven-
tionally sutured anastomoses were performed under the oper-
ating microscope (magnification, · 6 to · 12; Wild M680; Leica
AG, Heerbrugg, Switzerland) by one investigator (R.H.H.) and
recorded on video tapes for retrospective analysis.
Phasic and mean blood flow rate of the ITA graft were mea-
sured with a transit time flow probe (4S; Transonic, Ithaca,
NY) connected to a flowmeter (T208; Transonic, Ithaca, NY)
and recorded on an 8-channel recorder. The baseline mean
flow rate and the coronary hyperemic response were measured
as described before.16
Before the animals were killed, the anastomosis in all ani-
mals was visualized by left ITA angiography with frontal and
right anterior oblique projections (C-arm BV27; Philips,
Eindhoven, The Netherlands). The pigs were evaluated at 2
days (n = 7) and at 28 days (n = 7) after operation.
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*Except for making the device available, this study was not funded
by US Surgical Corporation.
Fig 1. Close-up of the tip of the one-shot anastomotic sta-
pler. The clip cartridge is loaded circumferentially with 12
equally spaced, medium-sized clips (VCS; USSC, Norwalk,
Conn). To accommodate the distal end of the ITA graft in
the clip cartridge, all loose periadventitial tissue and hemo-
static clips for side branches were gently removed over a
distance of approximately 3 cm. The ITA was hooked on
and subsequently pulled through the clip cartridge. The end
of the graft was cut at a 45-degree angle, to conform to the
angled tip of the clip cartridge. The distal end of the ITA
was everted across the anvil and carefully hooked on the
lower jaws of the clips. Next, the clip cartridge with the
everted distal end of the ITA was attached to the firing han-
dle. The everted and exposed intimal layer of the graft was
frequently irrigated with saline solution to avoid the occur-
rence of dehydration.
Fig 2. Clipped left ITA-LAD anastomosis on the beating
procine heart, after restoration of graft blood flow. The LAD
was immobilized with the “Octopus” (Octopus Tissue
Stabilizer; Medtronic, Inc, Minneapolis, Minn; upper right
corner). To improve visualization, 2 sutures were passed
through the epicardium on either side of the LAD. Side
branches located in the trimmed distal end of the ITA graft
were occluded by either a hemostatic clip or suture.
Anastomotic procedure. The one-shot anastomotic stapler
consists of a clip cartridge (Fig 1), attached to a firing handle
that serves for simultaneous, circumferential clip closure. The
distal end of the ITA graft was pulled through the clip car-
tridge, everted across the anvil, and carefully hooked on the
lower jaws of the clips. After proximal coronary occlusion by
means of a microvascular Acland clamp (B-3V; S&T
Marketing Ltd, Neuhausen, Switzerland), a standardized
arteriotomy was created with the use of an elliptic vascular
punch (2.75 · 1.25 mm; USSC). Next, the everted distal end
of the ITA was inserted in the arteriotomy by means of a piv-
oting motion. After all sides were scrutinized for proper
alignment, the firing handles were squeezed, closing the clips
while their upper jaws grasped and subsequently everted the
LAD. Gently lifting the instrument released the closed clips
from their slots. Resqueezing the firing handles allowed the
clip cartridge to split and enabled removal of the ITA graft
from within it. After restoration of ITA graft flow, the LAD
was occluded permanently proximal to the anastomosis. Side
branches that happened to be located in the trimmed distal
end of the ITA were occluded by either a hemostatic clip or
8-0 polypropylene suture.
Histologic analysis. To preserve anastomotic geometry, all
arteries were pressure-fixed at 80 mm Hg, as described
before.18 After overnight fixation in formalin 4%, the clips
were carefully removed with a special clip remover (USSC).
The anastomotic segments were embedded in paraffin and
subsequently sectioned in the transverse plane at 200-µm
intervals. Sections were stained with hematoxylin and eosin
and with elastin van Gieson. Light microscopy was used to
identify endothelial injury, medial necrosis, and intimal
hyperplasia, as described before.16
Previously performed conventionally sutured ITA-LAD anas-
tomoses off-pump from a different series of comparable exper-
iments16 were analyzed identically and served as controls for
both endothelial injury (n = 2) and intimal hyperplasia (n = 2).
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Fig 3. Representative angiogram at 28 days after the opera-
tion, revealing a patent left ITA-LAD anastomosis. The angio-
graphically determined luminal diameter of the ITA graft and
LAD at the anastomosis site was 3.1 ± 0.4 mm (range, 2.3–3.7
mm) and 3.0 ± 0.5 mm (range, 2.3–3.7 mm), respectively.
Fig 4. Transverse cross-section of the anastomotic line in the
mid-segment of the anastomosis, 2 days after the operation.
The blank space corresponds to the position of a clip after its
removal. Note the perfect apposition of intima-to-intima.
(Elastin van Gieson stain; bar, 500 m m.) G, Graft; C, coro-
nary artery.
Table I. Graft blood flow and coronary hyperemic
response, postoperative and at follow-up*
After the P 
n operation Follow-up value†
Graft blood flow 
(mL/min)
2 Days 7 18 ± 6 59 ± 36 .02
28 Days 7 20 ± 7 47 ± 15 .002
Total 14 19 ± 6 53 ± 27 .001
Coronary 
hyperemic response
2 Days 7 4.0 ± 0.8 3.1 ± 0.7 .03
28 Days 7 4.0 ± 0.7 4.9 ± 1.2 .23
Total 14 4.0 ± 0.7 4.0 ± 1.3 .92
At follow-up, a threefold increase in baseline mean flow rate of the ITA graft
was observed. The coronary hyperemic response remained higher than 3, sug-
gesting no impediment to blood flow. 
*Results are presented as the mean ± SD of 2 determinations at an interval of
10 minutes. The coefficient of variation was 9% ± 3% (range, 4%–17%).
†Postoperative vs follow-up, paired Student t test (2-tailed).
Statistical analysis. Data are presented as mean ± standard
deviation or as median and range. The paired Student t test (2-
tailed) was used to compare mean values.
Results
Anastomotic procedure. In 7 of 14 anastomoses,
the one-shot anastomotic stapler successfully applied
all 12 clips simultaneously across the everted edges of
the ITA graft and LAD (Fig 2). In 4 anastomoses, one
clip either had missed the LAD (n = 3) or was not
properly closed because of premature release out of its
slot. In 2 anastomoses, 3 and 4 adjoining clips at the
toe and the right side of the anastomosis, respectively,
missed the LAD. In one anastomosis, adequacy of
insertion was misjudged. After the one-shot device had
been fired, none of the circumferentially applied clips
had closed across the arteriotomy edge of the LAD.
After the distal end of the ITA had been transected,
everted onto a second clip cartridge, and subsequently
reinserted in the arteriotomy, the second attempt of cir-
cumferential clip closure was successful. This in-
creased coronary occlusion time from about 3 to nearly
14 minutes. In the 6 imperfect anastomoses, mal-
aligned clips were replaced manually by a medium-
sized single-clip applier (USSC), which required 98
seconds (range, 13–206 seconds). Eversion of the dis-
tal end of the ITA graft onto the lower jaws of the clips
required 51 seconds (range, 20–165 seconds; outlier,
607 seconds). The outlier was caused by repetitive
tearing of the arterial wall on eversion. In 13 of 14
cases, the toe of the everted ITA graft could not be
secured on the clips. Alternatively, the ITA was
attached to a small pin proximal to the clips, thereby
covering both jaws of 2 to 3 clips at the toe complete-
ly. The time required for arteriotomy with a vascular
punch was 26 seconds (range, 15–125 seconds). In 2
of 14 cases, the punched hole was incomplete and
required manual trimming. Insertion of the distal end
of the ITA graft in the arteriotomy together with close
inspection of the arteriotomy edges required 123 ± 40
seconds. After the one-shot device was fired, the
closed clips were released from their slots in 21 ± 6
seconds. The ITA graft was removed from within the
clip cartridge in 9 ± 5 seconds. The duration of coro-
nary occlusion during construction of the graft was
209 seconds (range, 150–373 seconds; outlier, 830
seconds). The ITA-LAD anastomosis was completed
in 4 minutes (range, 3–14 minutes) and required 12
clips (range, 12–15 clips). After restoration of ITA
graft flow, instant hemostasis was observed in 5 of 7
anastomoses, with successful circumferential clip clo-
sure. Two anastomoses showed initial oozing of blood
between the everted edges for about 40 seconds. In 7
of 14 anastomoses, one (n = 5) or two side branches
that were located in the trimmed distal portion of the
ITA graft required closure by a hemostatic clip or
suture afterwards. In 10 of 14 animals, no ventricular
arrhythmias other than occasional ventricular prema-
ture beats were observed during the operative proce-
dure. In 4 pigs, however, abrupt ventricular fibrillation
occurred after a mechanical stimulus (n = 3) and dur-
ing construction of the anastomosis after only 90 sec-
onds of coronary occlusion, which was successfully
managed by electrical defibrillation.
Conventional anastomotic suturing was accom-
plished in 10 ± 1 minutes16 and was accompanied by
severe ventricular ectopic activity during coronary
occlusion and on reperfusion, leading to ventricular
fibrillation in one animal.
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Fig 5. Transverse cross section of the anastomotic line in the
mid-segment of the anastomosis, 2 days after the operation.
In 5 of 14 anastomoses, the coronary arterial wall has not
been everted adequately at the heel (n = 3) or lateral wall (n
= 2) of the anastomosis. (Elastin van Gieson stain; bar, 500
m m.) G, Graft; C, coronary artery.
Graft blood flow and coronary hyperemic response,
postoperative and at follow-up, are shown in Table I.
At follow-up, all anastomoses were patent angio-
graphically (Fig 3). In 13 of 14 one-shot anastomoses,
there was no evidence of luminal stenosis to be attrib-
uted to intravascular thrombus formation or excessive
anastomotic intimal hyperplasia. In one anastomosis
(28 days survival), however, the floor of the LAD
opposite the anastomotic orifice appeared indented,
and the angiographic stenosis was estimated to be 40%.
Histologic analysis. In 9 of 14 one-shot anasto-
moses, the intima of the LAD was perfectly apposed to
the intima of the ITA graft along its full circumference
(Fig 4). In 5 cases, however, the LAD had not been ade-
quately apposed at the heel (n = 3) or lateral wall (n =
2) of the anastomosis (Fig 5). In the latter 2, anasto-
motic disruption was prevented by adventitial connec-
tive tissue between the clip tips. Exposed adventitia
was covered by small platelet aggregates. In 3 cases, a
clip had penetrated the adventitia at the toe of the anas-
tomosis (Fig 6). In another 2 cases, the media and
adventitia close to the anastomotic line had been sepa-
rated entirely throughout the anastomosis (Fig 7, A),
creating a false lumen distally over a length of 1 to 2
mm (Fig 7, B). In 8 anastomoses, 1 to 2 clips had pen-
etrated the coronary arterial wall and were exposed to
flowing blood. No mural thrombus formation, however,
was observed on these clip ends or in the vicinity of the
anastomoses. At both 2 and 28 days, we observed that
the clips were slightly rotated inward in all anasto-
moses (Figs 7 and 8). The part of the circumference of
the coronary arterial wall taken between the clip was
maximally 1 mm in length.
After conventional anastomosis, intimal approxima-
tion was adequate circumferentially in all cases.
Endothelial injury. At 2 days, there were almost no
endothelial cells left in the mid-segment of the anasto-
mosis (Table II). Two millimeters downstream, howev-
er, the endothelial cell layer was nearly intact.
Throughout the anastomotic segment, multiple small
disruptions of the internal elastic lamina were observed
(Fig 9), either alone or in combination with a medial
tear. Endothelial cells were only scarcely noted at the
everted distal end of the ITA graft. At 28 days, all anas-
tomoses were completely re-endothelialized.
In the conventionally sutured anastomoses, endothelial
damage was limited to only 5% to 10% of the circum-
ference of the LAD and localized at the suture line.16
Medial necrosis. No medial necrosis was observed in
the part of the vessel wall that was everted between 2
adjacent clips. Only the media that was included in the
clip showed full thickness necrosis. The media close to
the anastomotic line, and at the floor of the anastomo-
sis opposite the arteriotomy, was generally infiltrated
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Fig 6. Transverse cross section of the toe of the anastomosis, 2 days after the operation. The blank space corre-
sponds to the position of a clip that had penetrated and subsequently separated the adventitia from the media. The
space between these 2 wall layers was plugged with platelet thrombi. (Elastin van Gieson stain; bar, 500 m m.) L,
Lumen.
with polymorphonuclear lymphocytes without exten-
sive necrosis.
Intimal hyperplasia. At 28 days, minimal intimal
hyperplasia was seen at the heel, toe, and anastomotic
lining. The anastomotic recess between the everted
LAD and ITA graft was filled out with a small amount
of neointima, 0.16 ± 0.04 mm2 (Fig 8), although more
pronounced when compared to 2 conventionally
sutured anastomoses, 0.08 and 0.08 mm2.16
Discussion
The principal results of this study are the following:
(1) In 8 of 14 anastomoses, all 12 clips were success-
fully applied in one shot. (2) Coronary artery occlusion
was limited to approximately 3 minutes. (3) In spite of
manifest early endothelial and medial damage and 2
local dissections, all anastomoses remained patent with
minimal intimal hyperplasia at 4 weeks.
One-shot anastomotic stapler. In applying the one-
shot device during ITA-LAD grafting on the beating
heart, separate procedural steps can be identified, in-
cluding exposure of the anastomotic area, eversion of
the ITA graft, arteriotomy, and insertion and subse-
quent closure of the clips.
Exposure of the anastomotic area. The angled tip of
the one-shot anastomotic stapler is intended for an
angled end-to-side anastomosis. For adequate insertion
of the tip, however, an angled approach is required,
which is limited by both sternal edges and the lengthy
firing handle. In addition, the present prototype
required a recipient vessel of at least 2.5 to 3 mm in
diameter. The proximal one third of the porcine LAD
matched the required size but entailed extensive dis-
placement of the beating heart to permit the necessary
angled approach.
Eversion of the ITA graft. Before the distal part of the
ITA graft was pulled through the clip cartridge, loose
periadventitial tissue and hemostatic clips on side
branches needed to be removed. Adventitial stripping,
and hence disruption of vasa vasorum, however, may
lead to mural ischemia and endothelial dysfunction,l9
which may favor the occurrence of acute vasospasm.
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Fig 7. Transverse cross section of the anastomotic line in the mid-segment of the anastomosis, 2 days after the
operation. In 2 of 14 anastomoses, the media and adventitia close to the anastomotic line had been separated
entirely throughout the anastomosis (A), creating a false lumen (*) distally (B). (Elastin van Gieson stain; bar,
1000 m m.) G, Graft; C, coronary artery.
A B
Furthermore, later closure of side branches close to the
anastomotic line by a hemostatic clip or suture can be
demanding. In the present study, the ITA was harvest-
ed in the skeletonized fashion. A pedicled ITA graft,
however, may be incompatible with the design of the
current prototype.
The end of the graft was cut at an angle that con-
formed to the angled tip of the clip cartridge. Diversity
in graft diameters encountered was matched by varying
the graft angle.
Eversion of the distal end of the ITA is a delicate
maneuver but could be performed in less than 1 minute.
In most cases, however, the everted graft could not be
secured on the lower jaws of the clips at the toe.
Alternatively, the toe of the ITA was attached to a small
pin proximal to the clips. On closure, the upper jaws of
the clips had to grasp and subsequently evert the LAD,
while being covered by the ITA. To enable adequate
closure of the clips, we released the ITA graft from the
pin on firing.
Arteriotomy. To prevent tearing of the arteriotomy
edges on insertion of the everted ITA graft, the arteri-
otomy was created by means of an elliptic vascular
punch. The use of a vascular punch, however, is to the
detriment of the circumference of the recipient vessel.
In addition, firing the punch was not a gentle maneuver
and may inadvertently damage the intima.
Insertion and subsequent closure of the clips.
Insertion of the everted ITA graft, together with close
inspection of the arteriotomy edges, is a most delicate
procedure. Because of the elasticity of the undersized
arteriotomy in the normal porcine coronary artery, its
edges tightly enclosed the everted distal end of the ITA
after insertion. This ensured the adequate grip of the
upper clip tips while closing, to enable circumferential
eversion of the coronary arterial wall. Because of the
mismatch in size, the one-shot device had to be insert-
ed by means of a pivoting motion, while substantial
pressure was exerted on the LAD. In spite of intima-
intima contact while pivoting the one-shot device, there
was a considerable loss of endothelial cells. Further-
more, in 2 anastomoses the media and adventitia close
to the anastomotic line had separated, creating a false
lumen distally. In neither of the 2 cases was the dissec-
tion noted intraoperatively, despite close inspection of
the anastomotic line. To discriminate whether the evert-
ed arteriotomy edge consisted of all 3 vessel wall lay-
ers (Fig 4) or the adventitia only (Fig 7) was demand-
ing. An incomplete vessel wall may constitute a risk of
dissection. Because of the angled approach, the arteri-
otomy edge at the heel of the anastomosis could not be
visualized satisfactorily. In 3 anastomoses, histologic
evidence revealed inadequate eversion of the heel and
hence imperfect apposition. It is conceivable that the
heel-side of the cartridge was not properly inserted.
Anastomotic disruption, however, was prevented by
adventitial connective tissue of the coronary artery
between the clip tips. In these respects, the design of
the present prototype requires further improvements.
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Fig 8. Transverse cross-section of the anastomotic line in the
mid-segment of the anastomosis, 28 days after the operation.
The anastomotic recess between the everted coronary artery
and graft was completely filled out with neointima. (Elastin
van Gieson stain; bar, 1000 m m.) G, graft; IH, intimal hyper-
plasia; C, coronary artery.
Table II. Percentage circumference of LAD not cov-
ered by endothelium
Endothelial denudation 
Location (%)
+2 mm 6 ± 3
Toe 75 ± 14
Mid 92 ± 5
Heel 49 ± 15
–2 mm 15 ± 8
Data are presented as mean ± SEM.
In spite of manifest early endothelial and medial
damage, minimal intimal hyperplasia was seen at the
heel, toe, and anastomotic lining at 28 days after the
operation. In one anastomosis, angiography revealed a
marked elevation of the floor of the LAD opposite the
arteriotomy. Histologically, this could not be ascribed
to mural thrombosis or excessive intimal hyperplasia.
Clinical application. In general, the skeletonized
ITA will provide a sufficiently long, free segment for
eversion of the distal end of the graft. Adequate ever-
sion of arteriotomy edges, however, requires essential-
ly a nonatherosclerotic and hence flexible, coronary
arterial wall.15 In addition, a diseased coronary artery
may be prone to dissection of the arterial wall on inser-
tion. The present prototype needs to be downscaled to
comply with the size of human internal thoracic arter-
ies and coronary arteries in clinical practice.
Conclusions
The early prototype of the one-shot anastomotic sta-
pler enabled short-occlusive, sutureless, end-to-side
ITA-LAD grafting on the beating heart in the pig. In
spite of early endothelial and medial damage and 2
local dissections, all anastomoses remained patent with
minimal intimal hyperplasia at 4 weeks. Provided tech-
nical improvements are made, the device holds promise
for clinical application. Its reliable functioning in ath-
erosclerotic coronary arteries with variable wall thick-
ness remains to be established. Ultimately, a modified
version of this mechanical anastomotic device may
facilitate the development of true porthole, closed-
chest, off-pump coronary operations.
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